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Organosulphur compounds were determined in seawater samples by gas chromatography using a pulse
ﬂame detection method. The analytical method involved the use of octyl-diol mesoporous silica as a
replacement for organic solvents in the extraction and pre-concentration of organosulphur compounds
from seawater samples based on the solid phase dispersion extraction technique. The detection limits
were in the range 0.6–2 ng S/L, while the repeatability and reproducibility were 7–12% and 13–16%
respectively. Relative standard deviations (%) for recovery of n-ethanthiol (n-EtSH), di-n-ethyl sulphide
(n-Et2S) and di-n-ethyl disulphide (n-Et2S2) in spiked water samples were in the range 2.2–6.6% (at
0.5 lg/L level). Under the experimental conditions used, quantitative extraction of n-EtSH, n-Et2S and
n-Et2S2 was achieved with recoveries ranging from 93% to 99%. The procedure has been successfully
applied to organosulphur determination in seawater samples collected from Jeddah beach (West of
Saudi Arabia).
 2015 The Author. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).1. Introduction
Sulphur like other elements and its compounds are introduced
in the environment naturally as well as a form of human activates.
It is a widely distributed element in nature and has a number of
species present in water bodies. On the other hand elemental sul-
phur is a common constituent of sediment presenting in anoxic
sediment due to biogeochemical and microbiological processes
that convert sulphates and sulphides to elemental sulphur [1].
The different sulphur forms that occur in water and bottom sedi-
ment can be classiﬁed into two groups. (a) Inorganic sulphur forms
include sulphates (SO24 ), elemental sulphur (S
0), metal sulphides
(e.g. FeS) and pyrites (FeS2). In-between the sulphate and the sul-
phides, several intermediate oxidation state sulphur species be
formed, such as bisulphide (S22 , oxidation state-1), thiosulphate
(S2O
2
3 ), +2) and dithionite (S2O
2
4 ), +3) [2–4]. (b) Organic sulphur
forms which, are generally divided into the ester sulphate group
and the carbon-bonded sulphur compounds [5,6]. The initial inor-
ganic form of sulphur in natural environment is sulphate, butsulphide and elemental sulphur are the main forms of inorganic
sulphur in nature [7]. These different species are extremely easy
to be converted into each other, and even some of them are very
unstable and at an extremely low concentration so that they difﬁ-
cult to be detected [8]. The main natural source of sulphur com-
pounds in the environment is volcanic eruptions [9]. Also,
sulphur compounds may enter into the environmental sites, such
as fresh water and sediment, as a result of human activates.
Some of these activates are fossil fuel combustion, the use of fungi-
cides, pesticides, fertilizers in agriculture and in the efﬂuents from
the paper industry [8–13]. The naturally occurring sulphur cycle is
well known and it has been described in the literature [10,14–16].
Acid rain can be caused by the large pollution of sulphur dioxide
and nitrogen oxide [10,17]. They react with the atmospheric water
to produce acids. This is the main causes of exceeding safe limits of
inorganic sulphur compound concentrations in the natural
environment of waters and bottom sediments of lakes, rivers and
freshwater reservoirs [18].
Elemental sulphur is non-toxic and considered an essential ele-
ment. However, the toxicity of sulphur is closely related to its
chemical species. High organosulphur concentrations are known
to induce cardiovascular illness, Alzheimer’s disease, Parkinson’s
disease, liver cirrhosis and cancer in human beings [19]. Long term
exposure of these species even at small quantities increases the
health risk [20]. This environmental problems show the urgent
Table 1
Operating conditions of GC-PFPD.
Parameters Conditions
Column Sigma–Aldrich, SA-1 type, fused silica-
30 m  0.25 mm  0.25 lm
Carrier gas Nitrogen
Injector temperature
programme
150 C (1 min hold), to 250 C at 40 C/min
Oven programme 50 C (3 min hold), to 100 C at 30 C/min, to 130 C at
7 C/min, to 270 C at 11 C/min, hold 13 min.
Make up gas ﬂow
rate
1.00 mL/min
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tion of sulphur speciation at very low level in different environ-
mental samples.
The determination of sulphur compounds in water samples has
been a major analytical challenge for a number of reasons: (1) the
low level of the analyte (a few ng/g); (2) the limited stability of sul-
phur compounds in water samples; (3) variability of sulphur levels
over the same site due to the tidal cycle; (4) the absence of certiﬁed
reference materials for water.
Various methods have been reported in the literature for the
determination of different sulphur species in aqueous samples
including ultraviolet-visible absorption (UV/Visible) [21,22] and
electrochemical methods [23,24]. However, the determination of
organosulphur compounds was limited. The use of spec-
trophotometric [25], polarographic [26] and voltammetric [27]
methods for the determination of organosulphur compounds has
been reported. Also, several reports based on liquid chro-
matography [28–30] and capillary electrophoresis [31,32] coupled
with different detection methods for sulfur speciation analyses
have appeared.
Gas chromatography, coupled with element speciﬁc detection
methods, is widely used for analytical separation, identiﬁcation
and quantiﬁcation of volatile organosulphur compounds. This is
due to its high resolution, low detection limits and its ability to
resolve many organosulphur species [33].
Gas chromatography coupled with pulse ﬂame photometric
detectors (GC-PFPD) was the most powerful technique introduced
for the determination of sulphur species [34]. This is because of the
high sensitivity and selectivity that GC-PFPD can provide and it
allows the determination of a wide variety of organosulphur spe-
cies simultaneously [35].
With regard to the progress of extraction techniques, liquid–
liquid extraction, which required large amount of toxic organic
solvent and time-consuming method, has been replaced by
solid-phase extraction (SPE). The SPE requires a lower amount
of the organic solvent, but still requires an appreciable amount
of hazardous solvents. More recently the extraction and pre-con-
centration of analytes from aqueous solution has been carried
out by solid phase dispersion extraction (SPDE). This method
was originally introduced by Anastassiades et al. as a clean-up
step [36]. A small amount of solid phase extraction sorbent
was initially dispersed in an extract to remove interfering
materials and it was then be recovered by centrifugation.
Silicas modiﬁed with different chemical groups have been used
as sorbents in SPDE [37,38].
In 2005, a novel extraction approach based on the SPDE tech-
nique was developed by Howard and Khdary [39] that employed
carefully size-selected modiﬁed Stöber-type spherical silica parti-
cles functionalized with different chemical groups (extracting
agent). The idea of this method is based on the partitioning of
the analyte between a submicron solid and a liquid phase as a col-
loidal sol. By tailoring the size of the particles to approximately
250 nm diameter, they can be easily dispersed in aqueous solution,
without the need for any mechanical or hand shaking and the solid
can then be readily recovered, together with the analytes, by sim-
ple ﬁltration or centrifugation [40].
The aim of this paper is to develop a simple, rapid, sensitive and
accurate method of speciation analysis of organosulphur com-
pounds in natural water samples using GC-PFPD. The whole pro-
cedure (derivatization plus extraction plus quantiﬁcation) takes
less than 30 min, and allows the determination of organosulphur
compounds simultaneously at the low ng levels. The analytes
are ﬁrst derivatized in aqueous solution using sodium
tetraethylborate and the alkylated products were extracted using
the submicron mesoporous silica and then selectively determined
by GC-PFPD.2. Materials and methods
2.1. Materials
All reagents and acids were of analytical reagent grade unless
otherwise stated. Glasswares were decontaminated by immersion
for 24 h. in 10% HCl solution. After that they were rinsed several
times with deionized water. Deionized water (>14 MX cm) was
puriﬁed by reverse osmosis, followed by deionization using an
Elga Option 4 system. Toluene was HPLC grade (99.8%), dried by
fractional distillation under N2 from over phosphorus (V) oxide
P2O5. Hydrochloric acid (37%, laboratory grade), sodium acetate
(anhydrous, 99%), ammonia solution (SG = 0.88, 35% (w/v)) and gla-
cial acetic acid (99.99%) were obtained from Fisher (UK).
(1-Dodecyl) trimethylammonium bromide (C12TMABr, 99%) was
purchased from Alfa Aesar (Lancashire, UK). Tetraethoxysilane
(TEOS, 98%) was obtained from Aldrich (Dorset, UK).
Octayltriethoxysilane (CH3(CH2)7Si(OC2H5)3)P97.5%, n-ethanthiol
(EtSH, 95%), di-n-ethyl sulphide (n-Et2S, 98%), di-n-ethyl disulphide
(n-Et2S2, 99%), di-n-butyldisulphide (n-Bu2S2, 97%) and
glycidoxypropyltrimethoxysilane (GMOS, 98%) were obtained from
Sigma–Aldrich (Gillingham, UK). Sodium tetraethylborate (NaBEt4,
97%) was purchased from Acros Organics (UK) and was kept in a
glove box under a nitrogen atmosphere to prevent its degradation
by atmosphericmoisture. The 1 MpH5buffer solution (acetic acid/-
sodium acetate) was prepared by mixing 21.4g of sodium acetate
with glacial acetic acid in 250 mL deionised water until a pH of 5
was obtained.
2.2. Instrumentation and conditions
All analysis were performed with a Varian 3800 gas chro-
matograph (Walnut Creek, CA, USA) that was equippedwith a pulse
ﬂame photometric detector (PFPD) and a Varian 1079
Programmable temperature vaporizing (PTV) injector. An auto
injector unit was used to introduce the prepared solutions/samples.
Splitless injection of 1 lL was performed, with a split delay of 1 min
and a split ratio of 50. TheGC separationwas carried out using anon-
polar capillary column [Sigma–Aldrich, SA-1 type, fused-silica
30 m  0.25 mm, coated with non-polar stationary phase poly-
dimethyl-siloxane (PDMS, 0.25 lm ﬁlm thickness)]. Nitrogen was
usedas the carrier gas (ﬂow:1 mL/min). Thedetectorwasﬁttedwith
ahigh transmissionbandﬁlter (320–450 nm;GB12) andoperatedat
250 C. Gas ﬂow rates were: Air1 17.0 mL/min, Air2 10.0 mL/min
and H2 13.5 mL/min. The ﬂame ignition frequency was ca. 2.6 Hz.
The detector gate settings were 3 ms delay and 3 ms width. The
operating conditions used for the gas chromatographic determina-
tion of organosulphur compounds are summarized in Table 1.
2.3. Standard solutions preparation
For sulphur compounds solutions, ethyl sulphides (n-EtSH, n-Et2S
and n-Et2S2) stock standards were prepared at a concentration of ca.
A.A. Al-rashdi / Analytical Chemistry Research 4 (2015) 25–32 27500 lg S/mL in hexane. A working solution was prepared daily by
diluting the stock solutions with hexane to cover the range
0.5–2 lg S/L.
2.4. Quantiﬁcation
The identiﬁcation of the organosulphur compounds in seawater
samples was based on the retention time, deﬁned as the retention
time averages ±3 standard deviations of the retention times and
qualiﬁed based on peak height. Quantitative analysis was based
on calibration curves obtained by analysis of ethylated organosul-
phur compounds in range of 0.5–2 lg S/L. Linear calibration graphs
were constructed by least squares regression of concentration ver-
sus peak height. Good linearity was found in the concentration
range tested (0.5–2 lg S/L), with determination coefﬁcients higher
than 0.97 in all cases.
For quantiﬁcation purposes, an internal standardmethod (IS) was
performed. A 1 lg S/L solution as di-n-butyldisulphide (n-Bu2S2) was
prepared and used as internal standard. The calibration graphs of the
internal standard method were constructed by adding 1 lg S/L of
(n-Bu2S2) to the ethyl sulphide standard solutions covering the
range 0.5–2 lg S/L and the solutions were analysed daily.
2.5. Synthesis of octyl-diol mesoporous silica
The synthesis of octyl-diol mesoporous silica particles (C8/diol
modiﬁed silica) was carried out using dodecyltrimethylammonium
bromide as a template and tetraethoxysilane as a silica precursor.
The silica product was modiﬁed with 3-glycidoxypropyl groups
and the 3-glycidoxypropyl-mesoporous silica was modiﬁed with
octyl groups.
A solution of deionised water (400 mL), methanol (250 mL),
ammonium hydroxide solution SG = 0.88 (250 mL) and 1.8 g of
C12TMABr were mixed in a 1000 mL conical ﬂask and stirred for
5 min at 20 C. The TEOS (5 mL) was added slowly and the reaction
was left to proceed at ca. 20 C for one hour under stirring. The
mixture was aged overnight. The white silica product was removed
from the liquor by centrifuging for 45 min at 8300g. The super-
natant was removed and the silica was rinsed three times with
methanol. The white powder was dried in an oven at 50 C for
two days, and then it was calcinated to remove the surfactant at
650 C for 8 h. The experiment was repeated ﬁve times and the
combined products were gently ground and mixed together.
150 mL of dried toluene and 4 g of the produced mesoporous
silica were mixed in a 250 mL two-necked round-bottomed ﬂask
and the mixture was sonicated for 10 min and stirred at 75 C for
an hour under N2. 1.5 mL of GMOS (dissolved in 15 mL of dried
toluene) was then added slowly through a dropping funnel. The
reaction was left to proceed at ca. 90 C for 8 h under N2 and then
allowed to cool. The white solid was isolated by centrifugation,
rinsed ﬁve times with dried toluene, and then dried under continu-
ous vacuum for 4 h.
2 gof themodiﬁedmesoporous silicawasdipped in0.1 mol/LHCl
for 24 h, ﬁltered andwashedwith deionizedwater followed by dry-
ing in open air oven at 100 C for 8 h. Octyl groupwas loaded into the
modiﬁed mesoporous silica by incipient-wetness impregnation.
10 mmol/L octyltrimethoxysilane (C8) was dissolved in 20 mL of
dry toluene, followed by magnetic stirring at room temperature for
10 min; the2 gof themodiﬁedmesoporous silicawasadded, respec-
tively. The mixture was reﬂuxed under stirring at 100 C for 24 h.
2.6. Extraction and pre-concentration of ethyl sulphides using octyl-
diol mesoporous silica
900 mL of deionised water was transferred to a 1 L volumetric
ﬂask. 5 lL of 1 lg S/mL mixed standard solution was added tothe ﬂask using a Hamilton microlitre syringe (corresponding to
5 ng S/L). The pH of the solution was adjusted to 5 by adding
20 mL of the 1 M pH 5 buffer solutions (acetic acid/sodium acet-
ate). 50 mg of sodium tetraethylborate was weighed in the glove
box and directly added to the solution. Then the solution was sha-
ken violently for 2 min. The reaction was then left to proceed at ca.
20 C for 20 min. 200 mg of octyl-diol mesoporous silica was soni-
cated in 10 mL of deionised water and the suspension was trans-
ferred to the organosulphur solution and left for 15 min. The
suspension was then vacuum ﬁltered using a 0.22 lm
Polyvinylidene ﬂuoride (PVDF) polymer membrane ﬁlter. The ﬁlter
paper was carefully transferred to a 20 mL glass vial and dried in a
desiccator using activated silica gel desiccant for 15 min. The dried
ﬁlter paper was carefully cut into small pieces inside the PTFE glass
vial. 2 mL of hexane was added into the glass vial and mixed well
with the ﬁlter paper pieces. The hexane was removed from the ﬁl-
ter paper pieces and dried with activated Na2SO4. The dried hexane
was transferred to a 2 mL volumetric ﬂask, which was then ﬁlled to
the mark with hexane. 5 lL of the solution was analysed by gas
chromatography.
2.7. Amount of derivatizing reagent
The amount of sodium tetraethylborate required to achieve
maximum derivatization reaction was investigated. Seven deio-
nised water samples (1000 mL) were spiked with 5 lL of 1 lg
S/mL mixed standard solution. After adjusting pH of the solutions
to 5, different amounts of NaBEt4 (30–60 mg) were added to the
solutions. All solutions were analysed following the procedure
described above.
2.8. Effect of buffer
The inﬂuence of solution pH on the recoveries of the organosul-
phurs was evaluated. Five deionised water samples were spiked
with 5 lL of 1 lg S/mL of EtSH standard solution. Different values
of pH (2–6) were applied to the solutions by adding different
amounts of 1 M pH 5 buffer solutions (acetic acid/sodium acetate)
to the spiked solutions. Then the solutions were analysed through
the procedure described above.
2.9. Effect of extraction time
In order to assess the time required to obtain quantitative col-
lection of organosulphur compounds from aqueous solution, six
deionised water samples were spiked with 5 lL of 1 lg S/mL
mixed standard solution. The solutions were adjusted to pH 5.
After adding 200 mg of octyl-diol mesoporous silica to the
solutions, the dispersions were left for different extraction times
(5–30 min). Then, they were analysed as described in Section 2.6.
2.10. Characterization
Thermogravimetric analysis (TGA) was carried out using a
Perkin-Elmer TGS-2 instrument connected to a Perkin-Elmer
Datastation-3700 and a System 4 thermal analysis microprocessor.
The Fourier transform infrared spectroscopy (FTIR) of the octyl-
diol mesoporous silica was carried out before and after modi-
ﬁcation using Perkin-Elmer System 2000 FTIR spectrometer
equipped with an IR microscope. The reﬂectance IR spectra were
measured over the range 400 cm1 to 4600 cm1 and 32 scans
were carried out.
Nitrogen adsorption–desorption experiments were carried out
77 K using a Quantachrome NOVA 3000 automated gas sorption
system with NOVA software (version 1.11). Surface area was esti-
mated using the multipoint Brunauer–Emmett–Teller (BET)
Fig. 2. FTIR spectra of (a) parent silica (b) C8/diol modiﬁed silica.
Fig. 3. SEM image of C8/diol modiﬁed silica.
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surface area, volume and pore diameter of Barrett–Joyner–Halenda
(BJH) were obtained from the pore size distribution curves using
BJH formula.
The surface morphology of the particles was carried using a
Philips XL-30 scanning electron microscope (FEI Company,
Hillsboro, Oregon, USA) equipped with a Secondary Electron detec-
tor (SE).
2.11. Statistical analysis
Data were processed using Statgraphics plus version 5.0.
Oneway ANOVA was used for the determination of signiﬁcant dif-
ferences at a signiﬁcant level of p < 0.05.
3. Results and discussion
3.1. Thermogravimetric analysis
The percent weight loss as a function of temperature was stud-
ied by thermogravimetric analysis (TGA) analysis to investigate the
decomposition of the materials, to gain some structural informa-
tion about the surface of the modiﬁed silica. The TGA curve
(Fig. 1) shows three weight loss steps. The ﬁrst weight loss over
the range 90–300 C of about 3% can be attributed to the evap-
oration of residual solvent and the adsorbed water. At the second
step, a weight loss of 65% between 350 and 400 C resulting from
highly exothermic composition of the 3-glycidoxy group can be
observed. The third weight loss step is over the range ca. 420–
600 C of about 10% resulting from a controlled composition of
the C8 group.
3.2. Fourier transform infrared spectroscopy
Fig. 2 shows Fourier transform infrared spectroscopy (FTIR)
spectra of the parent silica and the modiﬁed materials. The spectra
shows a broad band in the range 3900–3000 cm1, which is attrib-
uted to the hydroxyl groups from silanol, water and alcohol. Also,
the spectra shows bands for asymmetric and symmetric stretching
for C–H from –CH2 and –CH3 groups located at 2800–3000 cm1.
The band at 1468 cm1 is attributed to C–H bending. The results
are closely in agreement with published data [21,22] and indicate
that the octyl group is chemically bonded on the surface of the
silica.Fig. 1. Thermogravimetric analysis of C8/diol modiﬁed silica (in air).3.3. Scanning electron microscope
Scanning electron microscope (SEM) imaging of the C8/diol
modiﬁed silica (Fig. 3) showed that the particles formed spherical
shaped with size approximately in the range of 200–280 nm with
mean diameters of ca. 250 ± 90 nm. Some aggregations of the par-
ticles after modiﬁcation were observed. It could be due to meth-
oxyl (–OCH3) of alkylsiloxane grown on the silica particles. On
the other hand, aggregation may result from Van der Waals and
electrostatic interaction of alkyl chains between the particles.
3.4. Nitrogen adsorption–desorption measurements
Fig. 4 shows nitrogen adsorption–desorption isotherms of the
mesoporous silica before and after modiﬁcation. A typical type of
isotherm is observed with a H1 hysteresis loop as deﬁned by the
International Union of Pure and Applied Chemistry (IUPAC). The
position of sharp inﬂection in the relative pressure range from
0.6 to 0.9 of the isotherms is clearly related to mesoporous materi-
als. BET surface area of C8/diol modiﬁed silica changed from 761 to
1423 m2/g and pore diameter of C8/diol modiﬁed silica was
decreased from 59.6 to 52.3. These results indicate that the octyl
groups were bonded on the surface of mesoporous silica
Fig. 4. Nitrogen adsorption–desorption isotherms of: (a) parent silica and (b) C8/diol modiﬁed silica.
Fig. 5. Recoveries of organosulphur compounds using different quantities of
NaBEt4. (Spiked deionised water containing 5 ng S/L).
Fig. 6. Effect of pH value on n-EtSH uptake by C8/diol mesoporous silica.
Table 2
The effect of the extraction time on percentage recoveries of organosulphur
compounds (at concentration of 2 ng S/L).
Time
(min)
% Recovery ± SD
(n = 3) n-EtSH
% Recovery ± SD
(n = 3) n-Et2S
% Recovery ± SD
(n = 3) n-Et2S2
5 80.7 ± 0.3 81.1 ± 1.3 78.1 ± 0.2
A.A. Al-rashdi / Analytical Chemistry Research 4 (2015) 25–32 29successfully. And it Also show a trend of decreasing pore volume
with an increasing chain of alkyl group loading, which is similar
with the reported. [23]10 83.6 ± 0.6 87.2 ± 0.8 84.2 ± 0.4
15 88.1 ± 0.4 90.1 ± 0.5 90.1 ± 0.2
20 93.7 ± 0.2 98.4 ± 0.5 99.4 ± 0.3
25 90.2 ± 0.6 95.2 ± 0.7 96.2 ± 0.9
30 91.1 ± 0.8 96.1 ± 0.5 95.1 ± 0.23.5. Amount of derivatizing reagent
The amount of sodium tetraethylborate (NaBEt4) was investi-
gated by adding different quantities of sodium tetraethylborate
into the spiked samples. As can be seen from Fig 5, lower yields
when 30 mg of the reagent was employed, but no signiﬁcant
improvement was obtained using more than 50 mg.3.6. Effect of buffer
The effect of the pH of the buffer was investigated by adding dif-
ferent amounts of the acetate buffer into the spiked samples.
Under the conditions of low pH (1–3), lower yields of the analytes
were achieved. Maximum recovery of sulphur compounds was
obtained within pH 5 and no signiﬁcant improvement was
observed after that value (Fig. 6). Therefore, pH of the buffer solu-
tion was set at 5 for subsequent work.3.7. Effect of extraction time
The extraction time was evaluated up to 30 min. Recoveries of
sulphur compounds were gradually increased by increasing the
extraction time up to 30 min. Within 20 min extraction time, the
maximum recoveries of the analytes were achieved and no signiﬁ-
cant improvement was obtained after that time (Table 2).
3.8. Extraction efﬁciency
The extraction efﬁciency of the dispersion extraction and pre-
concentration approach with octyl-diol modiﬁed silica was
Table 3
Analytical performance of the proposed method.
Analyte Calibration range (lg/L) Correlation coefﬁcient (R) Repeatability %RSDa Reproducibility %RSD Extraction efﬁciencyb (%) MDLc (ng/L)
n-EtSH 0.5–2 0.999 7.5 ± 1.2 13.1 ± 1.5 99.4 ± 4.3 0.6
n-Et2S 0.5–2 0.998 11 ± 2.4 16.2 ± 1.3 95.2 ± 6.6 1.5
n-Et2S2 0.5–2 0.988 12 ± 3.2 14.4 ± 1.2 93.7 ± 2.2 2.0
a Relative standard deviation of at 2.0 ng S/L of organosulphur compounds (n = 5).
b Calculated at 2 ng S/L (n = 5).
c Calculated at 0.05 ng/L (n = 8).
Table 4
Comparison of the proposed method with other extraction methods for the
determination of the organosulphur compounds.
Extraction
method
% Recovery Limit of detection
(ng S/L)
Extraction
time
Ref.
Soxhlet extraction 80–90 1.00 24 h [41]
SPMEa – 10–60 32 min [42]
HSSEb – 40–4800 20 min [43]
HF-LPMEc 81–114 1160–4848 35 min [44]
DLLMEd 78–117 210.0–3050 15 min [44]
HLLMEe 80–98 50.0–400 1 min [45]
SPDE 93–99 0.60–0.20 15 min This work
a Solid-phase microextraction.
b Headspace sorptive extraction.
c Hollow-ﬁber liquid-phase microextraction.
d Dispersive liquid–liquid microextraction.
e Homogeneous liquid–liquid microextraction.
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extraction efﬁciency, recovery for all compounds, at a low concen-
tration level, was performed. For this purpose, nine deionised
water samples were spiked with organosulphur compounds and
processed as described above. Recoveries of n-EtSH, n-Et2S and
n-Et2S2 ranged from 93.7 ± 0.29 to 99.4 ± 0.30 in deionised water
samples at a concentrations of 1.0, 1.8, 2.5 ng/L n-EtSH, n-Et2S
and n-Et2S2 (as S) respectively.3.9. Analytical performance
The linearity, repeatability, reproducibility, and detection limit
obtained with the proposed method are listed in Table 3. Good lin-
ear relationships (P0.97)were obtained in all cases. The repeatabil-
ity was elevated by the relative standard deviation (RSD%) of sixFig. 7. Sampling locations in Jeddahconsecutive determinations of the mixed standard solutions of sul-
phur compounds (0.05 as S lg/mL). The reproducibility of measure-
ments was checked from a set of six analysis of the mixed standard
solutions of sulphur compounds (0.05 as S lg/mL) over a period of
30 days. The RSDs of repeatability and reproducibility are presented
in Table 3. The method detection limits (MDLs) were calculated as
three times slope of the calibration line divided by the standard
deviation of the response at the lowest point of the calibration line.
Method detection limits (calculated taking into account sample size
and amount of derivatised sample extract) were as follows: n-EtSH
– 0.6, n-Et2S – 1.5 and n-Et2S2 – 2.0 ng S/L. The extraction efﬁciency
of the proposed method was thoroughly evaluated by comparing
with the other extraction methods for the determination of
organosulphur compounds (Table 4). From the results presented
in Table 4, it can be concluded that, the proposed method yields a
higher organosulphurs extraction recovery with very short extrac-
tion time and very low detection limits. Also, the proposed extrac-
tion approach has advantage of simpliﬁes sample handling and
manipulation. Therefore, large numbers of samples and large vol-
ume samples can be quickly and simultaneously treated.
Moreover, less human or mechanical effort is needed as no
mechanical agitation is required.
3.10. Application to seawater samples
To assess the feasibility of the proposed method, the recovery
test from real seawater samples was carried out. Ten seawater
samples were collected at high tide from different areas of
Jeddah beach (West of Saudi Arabia) during March 2013 (Fig. 7).
Samples were collected by submersing 2 L acid-prewashed, high-
density polyethylene (HDPE) plastic bottles. The collected samples
were immediately analysed (n = 3) without ﬁltration to avoid los-
ing the organosulphurs associated with suspended matter.beach (West of Saudi Arabia).
Fig. 8. Typical chromatogram of ethylated of organosulphur compounds derived
from spiked deionised water samples. (Concentrations of all organosulphur were
1.25 ng S/L).
Table 5
Concentrations of organosulphur compounds (ng S/L) in all the samples analysed in
the Jeddah Beach (West of Saudi Arabia).
Sampling
Pointsa
Position Organosulphur concentration (ng S/
L ± S.D., n = 3b)
n-EtSH n-Et2S n-Et2S2
1 21 48.260N,39 18.50E 12.5 ± 1.1 <DLc <DL
2 21 52.22 N,39 16.150E 9.31 ± 1.2 3.11 ± 0.9 <DL
3 21 55.23 N,39 192550E 17.1 ± 2.2 6.23 ± 2.0 4.23 ± 2.3
4 21 56.29 N,39 14.350E 22.5 ± 2.6 7.36 ± 3.2 3.21 ± 2.6
5 21 48.260N,39 18.550E 18.5 ± 1.3 <DL <DL
6 20 45.260N,40 16.050E <DL <DL <DL
7 20 43.24 N,40 16.550E 23.4 ± 3.3 6.7 ± 1.2 3.2 ± 0.7
8 19 88.160N,41 13.57 E <DL <DL <DL
9 19 87.29 N,41 12.550E 25.3 ± 1.0 12.1 ± 0.7 <DL
10 19 87.29 N,41 11.950E 1 4.9 ± 0.9 8.1 ± 0.9 3.0 ± 0.5
a Three subsamples.
b Sampling points are shown on the map.Fig. 7.
c Values are below of the detection limit of the developed method.
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right after the samples were collected to stabilize the sulfur spe-
cies. Quality assurance of the results was established by analyzing
a blank extract and an external calibration curve in each compound
(n-EtSH, n-Et2S and n-Et2S2) at the same time as analysis of the set
of samples. Di-n-butyldisulphide solution was used as internal
standard (IS) to correct for the concentration values of analytes
for losses during manipulation, extraction inefﬁciency, and incom-
plete conversion during derivatization. Fig. 8 shows a typical chro-
matogram obtained from a spiked seawater sample extract using
the octyl-diol modiﬁed silica. The results for the seawater analysis
are presented in Table 5. As can be seen from Table 5, high levels of
organosulphur compounds were found in all seawater samples.
The high amounts of sulphur species found in the studied area
can be explained due to the historical use of fungicides, pesticides,
fertilizers in the National Saudi Farms, located approximately 3 km
away from the studied area.
4. Conclusion
A new method for selective extraction of organosulphur com-
pounds from seawater samples has been developed. The developedmethod found to be more simple, sensitive and selective compared
to reported methods. Solid phase dispersion extraction using a
submicron mesoporous silica particles have shown to be a good
replacement in the extraction and pre-concentration of organosul-
phur compounds from seawater samples. The in-situ derivatiza-
tion–extraction of the analyte allowing quantitative extraction in
very short time (from hours to a few minutes) compared to other
methods, simplifying sample handling. Lower detection limit and
higher extraction yield of organosulphur compounds were
achieved using the proposed method. The beneﬁts, therefore, of
using this method is that satisfactory detection limit is achieved
without long extraction time or time-consuming concentration
step, so that many samples can be quickly analysed. Although
the present work uses a new extraction method for water samples;
two other signiﬁcant differences are: (1) Large samples can be
quickly treated, and this can be carried out at the sampling loca-
tion, stabilizing the analyte during transportation and pre-analysis
storage. (2) Small quantities of organic solvent can be used makes
the proposed method a potentially environmentally friendly alter-
native extraction technique. From the results of seawater analysis,
it can be concluded that the south beaches of Saudi Arabia is con-
taminated with organosulphur compounds.
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